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Photoluminescence dynamics in few-layer InSe
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We study the optical properties of thin flakes of InSe encapsulated in hBN. More specifically, we
investigate the photoluminescence (PL) emission and its dependence on sample thickness and tem-
perature. Through the analysis of the PL lineshape, we discuss the relative weights of the exciton
and electron-hole contributions. Thereafter we investigate the PL dynamics. Two contributions
are distinguishable at low temperature: direct bandgap electron-hole and defect-assisted recombi-
nation. The two recombination processes have lifetime of τ1 ∼ 8 ns and τ2 ∼ 100 ns, respectively.
The relative weights of the direct bandgap and defect-assisted contributions show a strong layer
dependence due to the direct-to-indirect bandgap crossover. Electron-hole PL lifetime is limited by
population transfer to lower-energy states and no dependence on the number of layers was observed.
The lifetime of the defect-assisted recombination gets longer for thinner samples. Finally, we show
that the PL lifetime decreases at high temperatures as a consequence of more efficient non-radiative
recombinations.
I. INTRODUCTION
Van der Waals (vdW) semiconductors are a very in-
teresting and promising class of materials. By stacking
different vdW semiconductors on top of each other, it is
possible to combine their properties [1]. While a large
number of material combinations is possible, the proper-
ties of each do not simply add up. There is a non-trivial
interaction between different layers of the heterostruc-
tures. Already many interesting aspects of the physics of
heterostructures have been discovered, for instance inter-
layer excitons [2, 3], the interaction between excitons and
the moire´ potential [4, 5], and exciton condensation at
high temperature [6]. But even without considering the
interest related to technological applications [7], there is
still a lot of physics to investigate. In this vast set of
vdW heterostructures, we focus here on hBN/InSe/hBN
heterostructures and, more specifically, we study their
optical properties analyzing the photoluminescence (PL)
emission.
Few-layer InSe has shown promising properties for elec-
tronic applications because it features a direct bandgap
and a high electron mobility (low electron effective mass)
[8]. There are many studies demonstrating the possibility
to use this material as an active layer for field-effect tran-
sistors [9, 10], photodetectors [11, 12], and optoelectronic
devices for the infrared region [13]. However, one issue
that needs to be tackled is the contamination of thin-layer
InSe when exposed to air [14, 15]. A solution for this is-
sue is to embed the InSe flake in hBN. This encapuslation
procedure protects the material from contamination and
assures good optical and electronic properties, as shown
recently for InSe itself and other vdW materials [16–18].
∗
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Here, we present an investigation of the photolumi-
nescence emission from thin flakes of InSe of different
thicknesses encapsulated in hBN. In particular, we inves-
tigate the temperature dependence of the PL emission
analyzing the data using a modified version of Katahara’s
model [19]. Through this analysis we show that for thin-
layer InSe the exciton interaction is observable only at
low temperature. Moreover, we present layer-dependent
time-resolved PL of InSe encapsulated in hBN and we
determine the time constants of the radiative recombi-
nation. The PL decay shows two components that are
the electron-hole and defect-assisted radiative recombi-
nation. The ratio of the weights of the two PL compo-
nents varies with the number of layer, in agreement with
the crossover from direct bandgap in the bulk to the in-
direct bandgap in few-layer crystals. Finally, a decrease
of the PL lifetime is observed at higher temperature due
to non-radiative scattering.
II. SAMPLE AND METHODS
Figure 1a shows an optical image of a hBN-
encapsulated InSe on SiO2(285 nm)/Si substrate. The
hBN-encapsulated InSe samples were fabricated using
the dry transfer technique under ambient condition in an
ISO 4 cleanroom environment, as described previously by
L. Wang et al. [20]. By using this polymer assisted fab-
rication technique, we ensured clean interfaces between
InSe and hBN. This technique allows us to obtain sam-
ples with good crystal quality and low contamination.
After the fabrication, the samples were kept in vac-
uum (10−6 mbar at T = 300 K) in order to prevent any
degradation. For the time-integrated PL measurements
we used a cw frequency-doubled Nd:YAG laser as exci-
tation pump at a wavelength of λ = 532 nm. The spot
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FIG. 1: (a) Optical image of an InSe flake
fully-encapsulated in hBN. The black dashed line
highlights the InSe flake. (b) AFM profile along the
dashed red line in the optical image of the sample.
diameter on the sample was approximately 3 µm, i.e.
smaller than the heterostructure size. A nitrogen-cooled
Si-CCD deep-depletion camera was used to detect the
PL emission, which is dispersed in a spectrometer. For
the time-resolved measurements, we used a single pho-
ton avalanche diode as detector coupled to a spectrome-
ter. With this system 60 ps time resolution and 1 meV
spectral resolution were obtained. A mode-locked Ti:Sa
oscillator with pulse length of 3 ps in combination with
a BBO frequency-doubler was used as excitation source
at λ = 405 nm. The repetition rate was reduced from
78 MHz to 6.5 MHz by pulse-picking in a Pockels cell:
this was done because of the relatively long PL lifetime
of the sample. For time-resolved measurements we used
a larger spot diameter (around 10 µm) in order to collect
more PL emission, while keeping the excitation power
density as low as possible.
The thicknesses of the encapsulated InSe flakes range
from 20 nm to 2.4 nm, corresponding to around 24 atomic
layers to 3 layers [8]. The thickness was measured using
atomic force microscopy, as shown in figure 1b. We note
that the hump in the AFM profile is due to a bubble at
the edge between the InSe flake and top-encapsulating
hBN layer.
As shown recently [8, 21–24], the band structure of
InSe is strongly dependent on the number of layers. Bulk
InSe has a direct bandgap while monolayer and few-layer
InSe have an indirect bandgap. The difference in energy
between direct and indirect bandgap is around 70 meV
for monolayer InSe and it decreases rapidly upon increas-
ing the number of layers. The direct bandgap is at the
Γ point. Upon decreasing the number of layers, the con-
duction band does not change qualitatively but the va-
lence band forms a Mexican hat-like dispersion centered
at the Γ point so that thin layers of InSe have an indirect
bandgap. The samples presented in this study cover the
range of the direct-to-indirect bandgap crossover.
III. STEADY-STATE PHOTOLUMINESCENCE
Figures 2a and 2b show temperature-dependent PL
spectra for 24- and 9-layer InSe crystals, respectively.
The energy position of the PL band of the two samples
at 4 K is in agreement with previous reports on thin lay-
ers of InSe [25]. At T = 4 K both samples show a single
broad PL emission band mostly due to defect-assisted ra-
diative recombination. As noted in [21], the large broad-
ening of the PL lines is due to the low electron mass that
makes the emission very sensitive to any surface effect
and to any disordered potential. The broadening of the
PL lines increases while decreasing the number of layers,
as becomes clear from the broad emission of the 9-layer
sample.
While increasing the temperature, the 24-layer sample
shows a monotonic redshift that is a consequence of the
reduction of the bandgap energy due to the lattice expan-
sion and to the interaction with phonons. Further details
are given in supplementary material (SM) [26]. The tem-
perature dependence of the PL energy position of the 9-
layer flake shows an s-shape. This is a consequence of the
defect-state emission that dominates the PL at low tem-
perature, as discussed in previous studies and observed
in other semiconductor systems [25, 27]. The PL energy
position of the 9-layer sample shows an overall blueshift
in comparison with the thicker InSe sample. This is due
to quantum confinement and is extensively reported in
the literature [21, 22].
To get more information on the PL emission mech-
anisms, we looked at the PL lineshape of the 24-layer
sample. We consider the model proposed by Katahara et
al. [19] for PL emission and we adapt it to our case. This
model is a generalized version of the van Roosbroeck-
Shockley equation that connects absorption and inter-
band PL in semiconductors [28, 29]. This means that
we can extract absorption from PL data. Moreover we
consider both band-to-band and exciton absorption. In
this way we can evaluate the relative weight of these two
contributions. The expression used for modeling the PL
lineshape is:
IPL(E) ∝
E2a(E)
exp(E−∆µ
kTPL
)− 1
·
(
1−
2
exp(E−∆µ2kTPL ) + 1
)
(1)
where the first part is the connection between Planck’s
law and the absorption, and the second part in bracket
is a small correction that takes into account the occu-
pation of the bands (Pauli blocking). Here, a(E) =
aB(E)+p aX(E) is the total absorption given by a linear
combination of band-to-band and exciton contribution,
∆µ is the quasi-Fermi energy, and TPL is the effective
photoluminescence temperature. We note that in many
cases the part of the expression containing the temper-
ature can be simplified assuming a Boltzmann distribu-
tion. The quasi-Fermi energy is an effective Fermi en-
ergy introduced by Lasher et al. in order to consider the
occupation of the conduction and valence bands and it
assumes values close to the bandgap energy [29]. The
model is reported in detail in SM [26].
Figure 2c shows the absorption spectra deduced from
equation 1. At low temperatures the exciton resonance is
clearly observable in the absorption spectra and it smears
out at higher temperature as expected. In fact, the exci-
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FIG. 2: (a) and (b) Temperature dependence of the PL spectra of a 24-layer and 9-layer InSe samples, respectively.
The excitation power is 10 µW. For the 24-layer thick sample a redshift of the PL emission is observed due to the
reduction of the bandgap energy. The 9-layer sample shows an s-shape due to the large contribution of the
defect-assisted recombination. The temperatures of the PL spectra are the same as for the data points in figure (d).
(c) Absorption spectra as extracted from the fitting of the PL spectra for the 24-layer thick sample. An exciton
feature is observable at low temperature. (d) Effective PL temperature obtained from the model with respect to the
actual lattice temperature.
ton binding energy is around 14 meV [30–32] that corre-
sponds to about 160 K.
We want to highlight another detail of our fitting pro-
cedure. We introduced an effective PL temperature to
reproduce accurately the PL spectra especially at low
temperature. This is strictly connected to the inhomoge-
neous broadening of the PL line. In fact the effective PL
emission temperature is determined by the high-energy
side of the PL emission, where the excited carriers can
thermalize. More specifically the effective PL tempera-
ture is proportional to the slope of the exponential high-
energy tail of the PL emission [33, 34]. The high energy
tail is due to the thermal population of the bands that is
in very good approximation due to a Boltzmann distri-
bution. The higher the PL temperature, the less steep is
the exponential decay of the PL high energy tail. This
effect can be observed in figure 2a. At 4 K one would ex-
pect a very sharp decay, but we observe a smoother decay
due to inhomogeneous broadening. Figure 2d shows the
PL temperature versus the lattice temperature. The PL
temperature does not approach zero Kelvin but it satu-
rates around a certain value much larger than zero.
We can model this behavior with this formula:
TPL =
√
T 2 + T 20 , (2)
in analogy with the model proposed by Marianer et al.
for disordered semiconductors [35, 36]. The idea is to
incorporate the disorder, that in our case shows up as in-
homogeneous broadening of the PL line, in the effective
temperature. This simple model reproduces the observed
electron-hole temperature reasonably well. Therefore,
T0 = 44 K= 4 meV is a measurement of the disorder
in the material and it can be intuitively interpreted as
the standard deviation of the disorder potential in the
sample due to lattice defects and sample inhomogeneity.
The PL temperature at zero Kelvin T0 increases upon
decreasing the number of layer (see SM [26]). This be-
havior indicates that the disorder is more pronounced for
thinner samples, as expected. This treatment has a gen-
eral validity for semiconductors with direct bandgap and
parabolic dispersion.
We finally note that a non-vanishing T0 could be due to
higher electron-hole temperature induced by laser excita-
tion. However, in our case this effect is negligible because
we do not observe a dependence of the parameter T0 on
excitation power (see SM [26]).
IV. TIME-RESOLVED PHOTOLUMINESCENCE
Figure 3a shows the PL intensity as a function of time
and photon energy for a 24-layer InSe crystal. The PL
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FIG. 3: (a) and (d) 2D false-color maps of normalized PL intensity as a function of time and photon energy at
T = 4 K and 10 µJ cm−2 excitation fluence. The two maps are of a 24- and 9-layer sample, respectively. (b) PL
decays integrated in photon energy of samples with different thickness. The decays are bi-exponential. (c) Spectra of
the extracted fast (electron-hole) and slow (defect) components for the 24-layer thick sample. (e) Lifetimes of the
fast and slow components of the PL decay as a function of sample thickness. (f) Dependence of the ratio between
PL contributions associated with the fast and the slow component on the number of layers.
emission shows a spectral dependent bi-exponential de-
cay. In order to get the time constants, we average the
PL emission over the photon energy and we fit the data
with a bi-exponential decay convoluted with the instru-
ment response function. The energy-integrated PL decay
is shown in figure 3b. The fast and slow PL components
have lifetime of τ1 = 7.7± 0.2 ns and τ1 = 49± 6 ns, re-
spectively. In order to visualize the two PL components
independently, 2D false-color plots of the extracted fast
and slow decays are shown in supplementary material
[26].
The slow PL decay is a fingerprint of a defect-assisted
electron-hole recombination. Therefore we associate
the slow component with this radiative channel. The
fast component is associated with the direct-bandgap
electron-hole recombination.
Integrating in time the fast and the slow compo-
nents as obtained from the fit, it is possible to sepa-
rate the spectra of the two contributions (shown in fig-
ure 3c). The central emission energy of the fast com-
ponent is 1.312± 0.001 eV with full width at half max-
imum (FWHM) of 6.8 ± 0.5 meV, while the slow com-
ponent is centered at 1.300 ± 0.001 eV with FWHM of
15±1 meV. The slow component lies at lower energy and
with a broader spectrum, as expected for a defect-assisted
emission. The two components were not spectrally dis-
tinguishable in steady-state PL.
Now we look at the layer dependence of the time-
resolved PL. Figure 3d shows the PL data for a 9-layer
thick InSe crystal measured under the same condition
as the 24-layer thick sample. Qualitatively, it is evident
that the PL decay takes place on a longer timescale. In
addition, the weights of the two PL components change
significantly. The defect-assisted recombination appears
to be more dominant with respect to the electron-hole
recombination for thinner samples, as expected from the
direct-to-indirect bandgap crossover driven by the sample
thickness [21]. Conversely, electrons and holes in the 24-
layer sample can recombine easily because of the direct
bandgap, while in thin samples they need the assistance
of a scattering process.
To further corroborate this observation and to perform
a quantitative analysis, we fabricated and measured a
series of encapsulated InSe crystals with different thick-
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FIG. 4: (a) PL decays as a function of temperature. The PL decay gets faster at higher temperature due to the
more efficient non-radiative scattering. The sample is 24-layer thick and fully encapsulated in hBN. (b) PL lifetime
τ1 as a function of temperature. The red curve is obtained from equation 3.
nesses. Figure 3b shows the PL decays integrated in pho-
ton energy for different layer thicknesses.
We fitted the PL decay with a bi-exponential decays
and we extracted the fast and slow lifetimes (τ1 and τ2)
for each sample. The lifetimes are shown in figure 3e.
We do not observe a clear layer-dependence of the fast
component, i.e. electron-hole recombination. On the
other hand, the lifetime of the slow component increases
with decreasing the flake thickness. The dynamics of the
electron-hole recombination is limited at low temperature
mainly by the population transfer to lower energy states,
i.e. bound states below the bandgap. This could explain
why we do not observe a layer dependence for the fast
component of the decay.
The ratio I(τ1)
I(τ2)
for each sample is shown in figure 3f.
The fast component becomes more and more dominant
with increasing the number of layers. The increase of the
ratio takes place between 5 and 10 layers, i.e. in good
agreement with the number of layers where the direct-
to-indirect bandgap crossover is expected [8]. The error
bars were obtained from the standard errors of the least-
square fitting procedure and the propagation of errors.
Finally, we consider the temperature dependence of
the PL dynamics. Figure 4a shows the electron-hole
PL decays as a function of temperature. The PL life-
time decreases monotonically with increasing the temper-
ature due to higher non-radiative scattering, i.e. phonon
scattering. We note that the PL decays at temperature
higher than 70 K show a single exponential decay. This
is because the defect states responsible for the slow com-
ponent are not stable anymore and the only radiative
channel is the fast electron-hole recombination.
Figure 4b shows the extracted PL lifetime as a function
of temperature. We use an empirical model in order to
fit the data considering the radiative and non-radiative
decay. Assuming an exponential decay, the lifetime is
inversely proportional to the sum of the radiative and
non-radiative decay rates:
τ =
1
βr + βnr
=
1
β0 + αnrT
(3)
where βr and βnr are, respectively, the radiative and non-
radiative decay rates, β0 is the decay coefficient at zero
Kelvin, and a linear approximation was done to model
the dependence of the non-radiative scattering on tem-
perature.
This simple approximation shows a good agreement
with the experimental data and gives two quantitative in-
formation: 1) the lifetime at zero Kelvin ( 1
β0
= τ0 = 6 ns)
and 2) the temperature T ∗ at which the non-radiative
scattering overcomes the radiative scattering. The latter
is: T ∗ = β0
αnr
= 50 K.
Finally, we note that if we use a square root temper-
ature dependence in equation 3 instead of a linear one,
the model looks like the Schockley-Read-Hall model for
non-radiative scattering [37, 38]. However, this gives a
worse agreement with the experimental data and no sig-
nificant parameters can be extracted. We also note that,
according to the data, the best-fitting exponent for the
temperature would be 1.34 ± 0.06 ≈ 43 instead of 1, but
no physical explanation could be found.
V. CONCLUSION
We investigated the PL and time-resolved PL emis-
sion from few-layer InSe fully-encapsulated in hBN. A
lineshape analysis of the time-integrated emission reveals
the contribution of exciton and electron-hole recombina-
tion. The excitonic emission was observed only at low
temperatures. The role of disorder in the material can
be modeled very well by introducing an effective temper-
ature.
The analysis of the time-resolved PL signals allows
us to disentangle the contribution from direct bandgap
electron-hole recombination (τ1 ∼ 8 ns) and to defect-
assisted recombination (τ2 ∼ 100 ns). These contribu-
tions are not spectrally distinguishable without resolv-
ing the dynamics. The defect-assisted contribution be-
comes increasingly important as the number of layers is
decreased. Remarkably, the electron-hole PL lifetime ba-
sically is independent of the number of layers, while the
6lifetime of the defect-assisted recombination increases for
thinner samples. Furthermore, shorter PL lifetimes were
found with increasing temperature, which is caused by
more efficient non-radiative recombination.
In summary, the analysis of a comprehensive set ex-
perimental data on the PL emission dynamics of few-
layer InSe encapsulated in hBN allows us to distinguish
the involved microscopic physical mechanisms. These re-
sults are important for technological applications based
on few-layer InSe.
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